Introduction
============

One type of the most mentioned brain adverse structural changes is gray matter atrophy, which is considered as inevitable in normal aging ([@B18]; [@B9]; [@B74]; [@B60]). The atrophy is not invariably global, as age-related structural change is notable for regional differences. For instance, the thalamus and hippocampus were reported as vulnerable regions connected to age-related degenerative atrophy ([@B29]; [@B66]; [@B70]; [@B1]). Many researches revealed that the thalamus and hippocampus are related to affective response regulation as well as play an important and fundamental role in emotional stability ([@B19]; [@B58]; [@B59]). Thus, gray matter atrophy in the thalamus and hippocampus regions might be the challenge for elders to retain emotional stability ([@B52]). Many experimental and theoretical literatures described that emotional stability is a vital index of successful aging ([@B10]; [@B16]; [@B67]). For example, motivational life-span theory declares that keeping emotional stability is a protective strategy to disengage from negative emotion and beneficial for optimizing well-being ([@B5]; [@B15]; [@B33]). Based on this information, slowing the atrophy of gray matter volume (GMV) in the hippocampus and thalamus might be propitious to elders in order to maintain emotional stability and achieve successful aging.

Growing evidence suggest that the human brain is plastic through its entire life ([@B28]; [@B50]). So, it is possible for elders to look for an effective health-management intervention to slow the atrophy of GMV, especially in the thalamus and hippocampus regions. Previous studies revealed that meditation, a mind--body exercise, is beneficial for emotional stability ([@B69]). Meanwhile, meditation is also considered to be a positive approach to remolding brain structure ([@B73]; [@B30]; [@B56]; [@B40]; [@B42]). For instance, [@B61] found that meditators showed reduced emotional responsiveness to unpleasant situation, suggesting an enhanced emotional regulation to avoid potentially harmful effects of negative emotions. Moreover, [@B36] found that meditators showed greater gray matter concentration in the hippocampus. Consistent with Holzel's discovery, by using standard whole-brain voxel-based morphometry (VBM) ([@B3]), [@B52], [@B51]) reported that the GMV of the hippocampus and thalamus were greater in meditators compared to the control group. Researchers consider that larger GMV in the hippocampus and thalamus of meditators could account for their abilities to disengaging from negative emotion, retain emotional stability, and engage in successful aging ([@B19]; [@B59]). However, literature has yet to provide assessment of emotional stability with GMV measurement in one study, nor direct evidence for the link between higher emotional stability and larger GMV in the hippocampus and thalamus of meditators. Therefore, more work is needed to justify the inference of the relationship between enhanced emotional stability in meditators and larger GMV of the hippocampus and thalamus.

In fact, meditation encompasses a family of complex practices that include mindfulness meditation, yoga and Tai Chi ([@B69]). Of these practices, Tai Chi is a popular exercise for elders in China that combines Chinese martial arts and meditative movements with a type of yogic relaxation through deep breathing ([@B65]; [@B76]). Previous studies suggested that Tai Chi, as a physical exercise, was an effective method not only to improve health fitness, such as neuromuscular functions, cardiorespiratory system and balance control ([@B43]; [@B71]), but also to benefit emotional regulation and psychological well-being for elders ([@B68]; [@B57]; [@B75]). Increasing number of researches have proven that the meditative component in Tai Chi has direct benefits on emotional regulation ([@B77]). For example, by increasing meditation level to decrease depression and achieve emotional stability ([@B17]). However, few studies have ever explored the relationship among Tai Chi exercise, emotional stability and the changes of GMV in brain regions associated with emotion processing, such as hippocampus and thalamus. The current cross-sectional study (containing Tai Chi group and control group) aims to explore this issue.

Using a sequential risk-taking task ([@B11]; [@B45], [@B46]; [@B44]) and VBM, in combination with a developed automated parcellation approach ([@B72]), we explored whether long-term Tai Chi experience could slow gray matter atrophy and the possible links among long-term Tai Chi experience, emotional stability and the GMV of the hippocampus and thalamus. Accordingly, we predicted that compared with the control group, the group with long-term Tai Chi experience would show higher meditation level and stronger emotional stability to objective outcomes during the sequential risk-taking task. Further, we predicted that long-term Tai Chi experience would slow the atrophy of GMV in the thalamus and hippocampus. More specifically, the Tai Chi group would show larger GMV in their thalamus and hippocampus compared to the control group. In addition, the GMV in the thalamus and hippocampus would be associated with both heightened meditation level and stronger emotional stability.

Materials and Methods {#s1}
=====================

The current cross-sectional study was approved by East China Normal University Committee on Human Research. All participants provided informed consent using forms approved by the committee.

Participants
------------

Participants included elderly people residing in local communities that were recruited by public announcement, with a total of 31 Tai Chi participants (10 male, aged from 60 to 70, *M* = 64.94, *SD* = 2.37) and 31 control participants (10 male, aged from 60 to 70, *M* = 64.06, *SD* = 3.05). The inclusion criteria were as follows: (1) participated in Tai Chi training for a long time (10 years) or performed other physical exercise without meditation component, such as playing badminton, fishing, and promenade; (2) no diagnosed neurologic or musculoskeletal disease; and (3) right-handed with normal or corrected-to-normal vision. Overall, all participants were independent, mentally health, community-dwelling older adults with no limiting health conditions that would preclude safe participation in the tests and measurements. Due to incompleteness of scales' data, the remaining 26 Tai Chi participants and 26 control participants entered in the correlation analyses.

Scales Data Acquisition
-----------------------

Participants were asked to fill out four scales as follows.

### Beck Depression Inventory

The Beck Depression Inventory (BDI) ([@B6]) was used to assess the depression level of participants. The BDI included 21 items which was used to measure the symptoms associated with depression. The split-half coefficient of the Chinese version of the BDI was 0.88 and Cronbach's alpha was 0.89. The BDI and its individual items exhibited good construct and concurrent validities in China.

### NEO Five-Factor Inventory

The participants' personality was measured using the NEO Five-Factor Inventory (NEO-FFI) ([@B53]), including five core personality traits: neuroticism, extraversion, openness, conscientiousness, and agreeableness. Each dimension consisted of 12 statements. Participants were asked to rate the degree to which they agreed with these statements. Each statement was rated on a five-point scale (1 = completely agree, 5 = completely disagree), yielding a scale score ranging from 12 to 60.

### Five Facets Mindfulness Questionnaire

The total score of the Five Facets Mindfulness Questionnaire (FFMQ) was used to assess meditation level of the participants ([@B21]). The FFMQ consisted of 39 items that were rated on a five-point Likert-type scale (1 = never or very rarely true, 5 = very often or always true). This scale measures five distinct facets of mindfulness: (1) observing (defined in terms of noticing or attending to internal and external experiences, noticing internal and external stimuli, including sensation, emotion, cognition, visual perception, e.g., I pay attention to sensations, such as the wind in my hair or the sun on my face); (2) describing (defined in terms of labeling internal experiences with words and discriminating emotional experiences, e.g., I can easily put my beliefs, opinions, and expectations into words); (3) acting with awareness (defined in terms of attending to one's activities of the moment, e.g., reverse-scoring item: I find myself doing things without paying attention); (4) non-judging of inner experience (defined in terms of taking a non-evaluative stance toward thoughts and feelings, e.g., reverse scoring item: I tell myself I shouldn't be feeling the way that I am feeling), and (5) non-reactivity to inner experience (defined in terms of allowing thoughts and feelings to come and go, without getting caught up in or carried away by them, e.g., When I have distressing thoughts or images, I just notice them and let them go). The Chinese version of the FFMQ had acceptable psychometric properties and was a valid instrument for the assessment of mindfulness ([@B4]).

### Mindful Attention Awareness Scale

The Mindful Attention Awareness Scale (MAAS) was a 15-item instrument measuring the general tendency to be attentive to and aware of present-moment experience in daily life ([@B12]). It had a single factor structure and yielded a single total score. Using a six-point Likert-type scale (almost always to almost never), respondents rated how often they have experiences of acting on automatic pilot, being preoccupied, and not paying attention to the present moment. The MAAS and its individual items were shown to have good construct and concurrent validities in China ([@B20]).

### Barratt Impulsiveness Scale

The Barratt Impulsiveness Scale 11-th (BIS-11) is a self-reporting questionnaire designed to assess the general personality trait of impulsivity. The BIS-11 includes 30 items all rated on a five-point Likert-type scale (1 = rarely, 5 = always). This scale measured three factors of impulsivity: (1) motor impulsivity (acting without thinking, e.g., I do things without thinking); (2) cognitive impulsivity (making quick cognitive decisions, e.g., I make up my mind quickly), and (3) non-planning impulsive (a present orientation or a lack of future planning, e.g., I act on the spur of the moment). The BIS-11 scale and its individual items were shown to have good construct and concurrent validities in China ([@B78]).

MRI Data Acquisition
--------------------

High-resolution T1-weighted MRI data was acquired using a 3.0 Tesla Siemens Trio Tim MRI scanner with a 12-channel head coil at the Shanghai Key Laboratory of Magnetic Resonance (East China Normal University, Shanghai, China). Custom-fit foam pads were used to minimize head movement of the subjects. The parameters of the pulse sequence were as follows: high-resolution T1-weighted three-dimensional magnetization-prepared rapid-acquisition gradient-echo pulse sequence, repetition time = 2530 ms, echo time = 2.34 ms, inversion time = 1100 ms, number of slices = 192, sagittal orientation, field of view = 256 mm × 256 mm, matrix size = 256 × 256, and slice thickness = 1 mm.

Behavioral Data Acquisition
---------------------------

After obtaining the High-resolution T1-weighted MRI data, participants were told to accomplish a sequential risk-taking task (see more details in [@B11]; [@B47]). They were told that the payment for their participation was determined by their total obtained coins from the task (1 coin for 1 Chinese yuan).

Participants completed 80 trials in the task. In each trial, an array of eight boxes was presented on a computer screen, where seven boxes contained gold coins (gain) and one box contained a devil (loss). The position of the devil was set randomly on each trial. Participants were instructed to open boxes from left to right and to stop whenever they wanted to collect the coins acquired so far in this trial. They had to decide within 2000 ms to either open the next box and continue or stop and collect the gains acquired so far in that trial by pressing the button. If participants opened the box with the devil, the current trial ended and all coins from that trial were lost. If participants stopped and collected coins, the actual position of the devil was revealed, thus indicating how far they could have safely continued. Next, the outcome was presented for 3000 ms which was highlighted by a cyan square (in the case of stopping and collecting the gains) or a red square (in the case of unpacking the devil and losing the gains). Then, participants were asked to rate how they felt for their choice on a nine-point scale from extreme regret (defined as -4) to extreme relief (defined as 4) in 3000 ms.

Imaging Processing
------------------

Image data processing was conducted using Computational Anatomy Toolbox (CAT 12; Structural Brain Mapping Group, Jena University Hospital, Jena, Germany), which is an extension toolbox of the Statistical Parametric Mapping software (SPM12, Wellcome Trust Centre for Neuroimaging, University College London, United Kingdom) in the MatLab environment^[1](#fn01){ref-type="fn"}^. T1 images were bias-field corrected, skull-stripped, aligned to a Montreal Neurological Institute standard space (MNI template), and classified as gray matter, white matter, or cerebrospinal fluid, all within the same generative model ([@B41]). For more detail, images were initially assessed for scanner artifacts and gross anatomical abnormalities for each subject. Then, the anterior commissure was set as the origin of spatial coordinates along the reoriented anterior--posterior commissure line. In this analysis, a new fully automated default and standardized method was employed to segment the whole brain structural data into white matter, gray matter and cerebrospinal fluid with symmetric tissue probability maps (TPMs), computed by flipping and averaging ([@B25]). Spatial normalization was achieved by applying the high-dimensional DARTEL approach ([@B2]). After the segmented gray matter was preserved, we performed a check data quality to assess the homogeneity of the gray matter tissues. All these images were corrected for bias and noise to remove intensity non-uniformities and then registered to the Montreal Neurological Institute (MNI) standard space TPMs. The total intracranial volume (TIV) of each subject was calculated and used as a covariate for further statistical analyses. Prior to the statistical analyses, each participant's modulated and normalized gray matter tissue segments were smoothed with an 8-mm full width at half maximum Gaussian filter.

Statistical Analyses of the Behavior Data
-----------------------------------------

In order to investigate the group difference in terms of demography, scores of scales, independent samples *t*-tests were employed. Previous researches usually defined the proportion of loss trials in Gain condition as the tendency index of risk taking ([@B8]; [@B63]). The proportion of loss trials referred to the trial number of the loss trials divided by the total number of trials (here is 80). Group difference in the tendency of risk taking was assessed by an independent samples *t*-test. The outcome of each trial included one of the following two: (1) Gain condition, in which participants did not unpack the devil and gained golds in that trial, (2) Loss condition, in which participants unpacked the devil and lost the golds collected in that trial. Then, we informed a combined index, called real gain-percentage (RGP), which was defined as the ratio of the collected gain and the largest possible gain (that is, the total number of boxes before the devil) in a gain trial ([@B45], [@B46]). The RGP value could be considered as the objective outcome which indicating how good an outcome was in Gain condition. The higher the RGP value, the better the outcome was. Then, according to previous work, the Gain trials were divided into three conditions by using the RGP value: (i) Low RGP (bad outcome): 0 \< RGP \< = 0.6, (ii) Middle RGP (normal outcome): 0.6 \< RGP \< = 0.8, and (iii) High GRP (good outcome): 0.8 \< RGP \< = 1. The cut points between conditions were set *post hoc* to ensure there were sufficient numbers of trials in each condition, making the trial numbers in all conditions as similar to each other as possible ([@B48]). Furthermore, we conducted regression analyses within each participant. In the regression analyses, RGP value was defined as dependent variable and emotional ratings were defined as independent variable. The regression coefficient (K) of each subject was calculated. The *K*-value of one participant was considered as index of emotional stability. Specifically, lower *K*-value implied stronger emotional stability. Finally, independent samples *t*-test was performed to compare the differences in emotional stability between the two groups.

Statistical Analyses of the Image Data
--------------------------------------

In order to explore whether long-term Tai Chi experience would slow the atrophy of GMV, whole-brain statistical analyses were performed in CAT12 using the spatially normalized and smoothed gray matter maps. Group difference in GMV was evaluated by an independent samples *t*-test. In the analysis mentioned above, age, gender, educational years, and TIV were defined as covariates of no interest to correct different brain sizes. All statistical maps were assigned to a voxel-level threshold of *p* \< 0.005 (uncorrected), and a cluster-level threshold of *p* \< 0.05 \[family-wise error (FWE)\]. The surviving clusters were reported. *Post hoc* region of interest (ROI) analyses were performed to test and verify whether the GMV of the thalamus and hippocampus (regions from the independent samples *t*-test described above) were related to behavioral results, such as score of scales, emotional stability and tendency of risk taking. Then, two ROIs were defined as spheres with a radius of 6 mm centered at MNI coordinates -17/-15/0 (left thalamus), -21/-9/-17 (left hippocampus) by using MarsBar toolbox in SPM12. Parameter estimates of GMV were extracted from these ROIs and subjected to correlation analyses. Finally, correlation analyses were conducted to explore relationships between GMV and behavioral data in SPSS 20.0 program (SPSS, Inc., Chicago, IL, United States).

Results
=======

Behavior Results
----------------

### Demography and Scales Differences Between the Two Groups

There was no significant difference in demography measurements between the Tai Chi group and control group, such as age, years of education, and physical exercise time per day ([Table 1](#T1){ref-type="table"}). Except for scores of FFMQ and MAAS, no significant difference was found in the scores of other scales between the two groups ([Table 1](#T1){ref-type="table"}). More specially, compared to control, the Tai Chi group showed a higher score in FFMQ \[*t*(50) = 2.11, *p* \< 0.05\] and MAAS \[*t*(50) = 2.15, *p* \< 0.05\].

###### 

Demographics and Scale data of both groups.

                                             Tai Chi group                      Control group                    *t*     *p*
  ------------------------------------------ ---------------------------------- -------------------------------- ------- ---------
  Gender (male/female)                       10/21                              10/21                            0.00    1.00
  Age (years)                                64.94 ± 2.37                       64.06 ± 3.05                     1.26    0.21
  Education (years)                          10.52 ± 1.91                       11.03 ± 2.39                     0.94    0.35
  Physical exercise time per day (minutes)   66.36 ± 21.96 (Tai Chi practice)   60.14 ± 27.16 (Other exercise)   1.01    0.32
  Tai Chi practice (years)                   9.98 ± 5.16                        0                                NA      NA
  FFMQ                                       17.16 ± 1.83                       16.18 ± 1.51                     2.11    0.04^∗^
  MAAS                                       72.54 ± 11.72                      64.62 ± 14.75                    2.14    0.04^∗^
  BDI                                        4.96 ± 5.36                        5.42 ± 4.78                      -0.52   0.61
  BIS                                        59.97 ± 6.73                       56.24 ± 10.85                    0.317   0.75
  NEO-FFI                                                                                                                
  Neuroticism                                27.31 ± 7.62                       30.88 ± 6.07                     -1.87   0.07
  Extraversion                               42.19 ± 6.74                       41.04 ± 5.01                     0.70    0.49
  Openness                                   38.77 ± 5.14                       39.54 ± 4.58                     -0.57   0.57
  Agreeableness                              45.12 ± 6.57                       44.19 ± 5.58                     0.55    0.59
  Conscientiousness                          48.27 ± 5.65                       48.19 ± 5.00                     0.05    0.96

FFMQ, Five Facets Mindfulness Questionnaire; MAAS, Mindful Attention Awareness Scale; BDI, Beck Depression Inventory; BIS, Barratt Impulsiveness Scale; NEO-FFI, NEO Five-Factor Inventory.

∗

p

\< 0.05.

### Emotional Stability Difference Between the Two Groups

[Figure 1A](#F1){ref-type="fig"} described the relationship between subjective emotional ratings and objective outcomes (bad outcome, normal outcome and good outcome) in the two groups in Gain condition. It showed that participants felt less regret (i.e., more relief) from the bad outcome to the good outcome across all participants. In order to investigate how Tai Chi experience could affect the subjective emotional ratings of outcomes, we supplied the 2 (Group: Tai Chi vs. control) ^∗^ 3 (Outcome: bad outcome, normal outcome, and good outcome) repeated measures ANOVA on emotional ratings. The results revealed significant main effect of Outcome \[*F*(2,118) = 203.11, *p* \< 0.01\] and significant interaction between Group and Outcome \[*F*(2,118) = 11.45, *p* \< 0.01\]. However, no significant main effect of Group was found \[*F*(1,59) = 11.45, *p* \> 0.05\]. Further independent samples *t*-tests revealed that emotional ratings for bad outcome was higher in Tai Chi group than in control group \[*t*(60) = 2.772, *p* \< 0.01\] and emotional ratings for good outcome was lower in Tai Chi group than that in control group \[*t*(60) = 2.621, *p* \< 0.05\]. No significant difference of emotional rating for normal outcome was found between two groups \[*t*(60) = 0.218, *p* \> 0.05\].

![**(A)** In Gain condition, the relationship between subjective emotional ratings and objective outcomes (bad outcome, normal outcome, and good outcome) of two groups. **(B)** The comparison about emotional stability between two groups. The result showed that *K*-value in Tai Chi group was significantly lower than control group \[*t*(60) = 3.96, *p* \< 0.001\]. *K*-value was considered as index of emotional stability. Lower *K*-value reflected stronger emotional stability in Tai Chi group. ^∗∗^*p* \< 0.01.](fpsyg-10-00091-g001){#F1}

Next, to examine whether Tai Chi experience was in favor of enhancing emotional stability, we conducted independent samples *t*-test to compare the difference of emotional stability between the two groups ([Figure 1B](#F1){ref-type="fig"}). The results showed that the *K*-value of the Tai Chi group was lower than that in the control group \[*t*(60) = 3.96, *p* \< 0.001\], indicating stronger emotional stability in the Tai Chi group compared to control group.

### Tendency of Risk-Taking Difference Between the Two Groups

In order to explore whether there were some differences between the two groups in risk-taking tendency, independent samples *t*-tests were performed. The results showed that the proportion of loss trials in the Tai Chi group was significantly lower than that in control group \[Tai Chi group: *M* ±*SD* = 42.7 ± 7.7%; control group: *M* ±*SD* = 51.3 ± 10.1%; *t*(60) = -3.78, *p* \< 0.001\], indicating that the control group was more risky than the Tai Chi group. Notably, there was no significant difference in the total number of gained coins between the two groups \[Tai Chi group: *M* ±*SD* = 164.32 ± 16.28; control group: *M* ±*SD* = 161.65 ± 18.96; *t*(60) = 0.50, *p* \> 0.05\]. The result suggested that the Tai Chi group could obtain the same number of coins as the control group by using strategies with less tendency of risk-taking.

VBM Results
-----------

### GMV Differences Between the Two Groups

Exploratory whole-brain voxel-based independent samples *t*-test analysis was conducted to investigate whether long-term Tai Chi experience slowed the atrophy of GMV. After adjusting for age, gender, educational years and TIV, the comparisons between the two groups showed that the GMV of left thalamus (MNI -17 -15 0) and left hippocampus (MNI -21 -9 -17) were larger in the Tai Chi group than that of control group ([Figure 2](#F2){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). There was no significant difference region which revealed larger GMV in the control group than that in the Tai Chi group.

![Differences in GMV between Tai Chi group and control group. Tai Chi group showed larger GMV in the left thalamus **(A)** and left hippocampus **(B)**. Cluster level, *p* \< 0.05, FWE corrected; voxel level, *p* \< 0.005, uncorrected. Error bars indicated one standard error. ^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01.](fpsyg-10-00091-g002){#F2}

###### 

Anatomical and statistical information of the cluster in which significant between-group differences in gray matter volume (GMV; i.e., Tai Chi group \> Control group) were detected.

                                                   MNI coordinates                        
  ------------------------ ----------------------- ----------------- ------ ------ ------ ------
  **Tai Chi \> Control**                                                                  
  L                        Parahippocampal gyrus   --24              --9    --30   3.26   1477
  L                        Hippocampus             --21              --9    --17   3.07   
  L                        Thalamus                --17              --15   0      2.73   

Coordinates (mm) are in MNI space. L, left hemisphere; R, right hemisphere. Cluster-level,

p

\< 0.05, family-wise error (FWE) corrected, voxel-level,

p

\< 0.005, uncorrected.

Correlation Analyses
--------------------

Correlation analyses were conducted to investigate the relationship between GMV, especially in the thalamus and hippocampus region, and behavioral data, such as scale's score, K value and tendency of risk taking. The results found that the thalamus GMV was positively correlated with FFMQ score (*r* = 0.38, *p* \< 0.01). Thalamus GMV was also negatively correlated with *K*-value (*r* = -0.37, *p* \< 0.01) ([Figure 3A,B](#F3){ref-type="fig"}). The results showed that larger thalamus GMV was related to meditation level and stronger emotional stability. Moreover, the results revealed that the hippocampus GMV was negatively correlated with neuroticism score (*r* = -0.38, *p* \< 0.01), *K*-value ([Figure 3C](#F3){ref-type="fig"}, *r* = -0.32, *p* \< 0.05) and risk-taking tendency (*r* = -0.35, *p* \< 0.05), indicating that larger hippocampus GMV was related to neuroticism level, stronger emotional stability and lower risk-taking propensity.

![Gray matter volume (GMV) of thalamus was positively correlated with total score of FFMQ (*r* = 0.38, *p* \< 0.01) **(A)**, and negatively correlated with *K*-value (*r* = --0.37, *p* \< 0.01) **(B)**. GMV of hippocampus was negatively correlated with *K*-value (*r* = --0.32, *p* \< 0.05) **(C)**.](fpsyg-10-00091-g003){#F3}

We further performed a regression analysis to explore the greater contributor to emotional stability. In the regression model, the GMV of the thalamus and hippocampus were defined as predictors and K value was defined as dependent variable. We define their relationship as follows:

K

-value = β

1

\*

GMV of thalamus + β

2

\*

GMV of hippocampus + β

0

The regression coefficients (β~1~ and β~2~) in this model were calculated. The results revealed that the thalamus GMV contributed more to *K*-value than the hippocampus GMV (β~1~ = -2.052, *p* \< 0.05; β~2~= -1.407, *p* \> 0.05), suggesting that emotional stability variation could be associated with thalamus GMV.

Discussion
==========

In the current cross-sectional study, we used VBM combined with a sequential risk-taking task to investigate whether long-term (about 10 years) Tai Chi experience could modulate gray matter atrophy and promote emotional stability during the sequential risk-taking task. Consistent with our hypotheses, the results indicated that the Tai Chi group showed improved meditation level and emotional stability compared to the control group. Furthermore, we observed larger GMV in the left thalamus and the left hippocampus of elder people who joined in Tai Chi exercise for an average of 9.98 years, compared with those in the control group. The correlation results also suggested that larger thalamus GMV was associated with higher meditation level as well as stronger emotional stability. In addition, the GMV of the hippocampus was not only positively associated with emotional stability, but also negatively linked with the tendency of risk-taking.

Our behavioral result suggested that the meditation level in the Tai Chi group was significantly higher than the control group, suggesting that Tai Chi exercise might be an effective way to improve meditation level. Researches have revealed that Tai Chi is a multimodal mind-body exercise combing meditation component ([@B14], [@B13]). For instance, [@B14] found that 15-weeks of Tai chi exercise significantly improved meditation level. Moreover, our results also indicated that the Tai Chi group showed stronger emotional stability which might reflected the improved emotion regulation ability in Tai Chi exercisers. Previous research has verified that mindfulness meditation was associated with enhanced ability to regulate emotion ([@B69]). Because of increased ability of emotional regulation, meditators are associated with less maladaptive emotional regulation, and they are more likely to escape from negative emotions and maintain emotional stability ([@B61]). Our results supported that Tai Chi exercise could promote emotional stability just like other types of mindfulness meditation training. Given that, such results might suggest that Tai Chi exercise, that combined a meditation component, played an important role in improving emotional regulation ability.

In the present study, compared with the control group, we observed larger left thalamus GMV in the Tai Chi group after defining age, gender, educational years, and TIV as covariates of no interest. Therefore, it was unlikely that the GMV difference observed in the left thalamus between the two groups was due to demographic characteristics. Our results also revealed that the thalamus GMV was positively related to meditation level and emotional stability, indicating that larger GMV of the thalamus, accompanied with higher level of meditation, might be in favor of emotional regulation. The thalamus is a highly differentiated gray matter structure which governs the flow of sensory information to cortical processing ([@B59]), and is characterized as a dynamic conduit and a regulator of the flow of sensory information toward affective situation linking subcortical with cortical areas ([@B32]). The results in this study paralleled those previously reported in which meditators had larger thalamus GMV in the right or left regions compared to non-meditators. For example, [@B52] applied VBM in association with a validated automated parcellation approach and detected significantly larger GMV in the right thalamus of meditators. Moreover, a randomized longitudinal VBM study identified that 8-week meditation training could increase GMV in the region of the left thalamus through exploratory whole brain analysis ([@B62]). However, previous studies failed to measure the relationship among thalamus GMV, emotion state and meditation level. Therefore, explanation of enlarged GMV of thalamus in meditators could only be drew from inference based on the function of this brain region. To the best of our knowledge, this is the first imaging study that directly detected the link between the GMV of the thalamus and emotional stability in meditators.

Moreover, the results revealed significantly enlarged left hippocampus GMV in the Tai Chi group compared to control group. This result agreed with previous studies which demonstrated that hippocampus was anatomically altered in meditators ([@B35]; [@B23]; [@B51]). For example, by using short-term controlled longitudinal study, [@B34] reported that after meditation intervention, increased gray matter concentration within the left hippocampus was observed using VBM compared to control group. [@B51] examined gray matter characteristics in meditators with long-term experience through cross-section study and found that the GMV of bilateral hippocampus in meditators was larger than control. Accompanied with previous research, our results further indicated that Tai Chi exercise could change the GMV of the left hippocampus similar to mindfulness meditation. In fact, we also found that hippocampus GMV was positively correlated with emotional stability. Previous functional studies verified increased brain activation in the region of hippocampus during meditation by using various imaging methods, such as fMRI ([@B24]; [@B55]; [@B22]) and positron emission tomography (PET) ([@B49]). [@B19] proposed the active role of hippocampus in emotional response to explain activation of hippocampus during meditation. They hypothesized that individuals who habitually failed to regulate their affective responses in a context-sensitive fashion might have a functional impairment of the hippocampus. Therefore, the larger GMV of hippocampus might account for the abilities and habits to maintain emotional stability in Tai Chi exercisers. It was worth noting that regression analysis in the current study indicated, compared to hippocampus GMV, that the thalamus GMV contributed more to emotional stability. As [@B59] suggested, the hippocampus could modulate cortical arousal and emotional responsiveness via rich and extensive interconnection with the thalamus. Therefore, our results suggested that the GMV of the thalamus might play a more dominant role in emotional regulation compared to the GMV of the hippocampus.

In addition, as for the relationship between hippocampus GMV and risk-taking tendency, the results displayed that larger GMV of hippocampus was associated with less risk-taking tendency. The hippocampus has been shown as relevant for cognitive and executive functions which might be an explanation of reduced tendency of risk-taking. For instance, [@B27] recruited 34 patients with major depression and 34 healthy controls to investigate whether reduced hippocampus GMV was related to executive dysfunction, by using the Wisconsin Card Sorting Test (WCST). Their results revealed that the GMV of the hippocampus was smaller in depressed patients compared to healthy controls, which was correlated with poorer performance in WCST. They explained that the reduced GMV in the hippocampus might be of considerable functional significance because of its possible relation to impaired executive functions. Building on this, our results showed that larger GMV of the hippocampus was related to rational and cautious decision making. It might suggest that larger GMV of the hippocampus correlates with increased cognitive and executive function to inhibit risk-taking, which is the prospective strategies to optimize successful aging and well-being.

The current study also indicated that the GMV of the hippocampus was negatively correlated with neuroticism score. As neuroticism was closely related to depressive and high-pressure symptom ([@B7]), one possibility was that meditation training enhanced stress resilience, both in terms of subjectively perceived stress as well as objectively measured biomarkers of stress, via similar structural alterations in hippocampus ([@B39], [@B38]; [@B54]; [@B37]; [@B26]). [@B64] summarized that the hippocampus played a major role in stress and depress regulation. For example, hippocampal atrophy was associated with numerous clinical disorders involving stress, anxiety, and depression ([@B31]; [@B34]). The current study revealed that Tai Chi could strengthen the ability to disengage from stress states, suggesting it could resist age-related depression, which was the cornerstone to optimize successful aging.

This study has some limitations that should be addressed by future studies. Ideally, individuals in control group should have performed the same physical activities. However, matching participants on this variable proved to be difficult. Given that, the results might not generalize robustly and could be caused by other factors that were not matched and measured. This should be carefully considered when attributing causality. Therefore, in our future studies, we plan to involve longitudinal randomized controlled trials and correlations with other peripheral measures to clearly explore the effects of Tai Chi on the GMV of the thalamus and hippocampus.

Conclusion
==========

The current study investigated whether long-term Tai Chi experience could slow the atrophy of GMV in the thalamus and hippocampus by using VBM. We explored the relationship among the changes of GMV in brain regions, especially in the thalamus and hippocampus, Tai Chi experience and emotional stability during a sequential risk-taking task. Behaviorally, Tai Chi group showed higher meditation level, stronger emotional stability and decreased tendency of risk-taking compared to the control group. The VBM results showed that the GMV of the left thalamus and left hippocampus were larger in the Tai Chi group compared to the control group. Moreover, the GMV of the thalamus was positively correlated with both meditation level and emotional stability. Our findings highlighted that long-term Tai Chi experience might be beneficial to promote elders' emotional stability and slow gray matter atrophy in the thalamus and hippocampus. The meditation component of Tai Chi exercise might play a key role in this process.
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